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Allocating a quantity of processors for processing a job in
a high-performance computing environment to provide an
initial allocation
401

y

Modifying the initial allocation during a run time of the
job by performing one or more of:

403
Y
y y
Increasing the allocated Decreasing the allocated
quantity of processors in quantity of processors in
response to the job being response to the job being
extended in size by decreased in size by
allocating one or more free reallocating one or more
processors from a pool of processors from the
free processors which are allocated quantity of
configured to meet an processors to the pool
increased computing of free processors
demand for the job 407
405

FIG. 4
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( Start )
N’

4

Allocating a job for execution by a quantity of processors

501

4

Determining a first probability value that specifies the
probability of the job being extended in size during a run
time of the job, and determining a second probability value
that specifies the probability of the job being reduced in
size during the run time of the job

202

4

4

Allocating the job to either
a sparsely occupied area
of processors or a
non-sparsely occupied
area of processors
based upon the first
probability value, wherein
the non-sparsely occupied
area has a greater
density than the sparsely
occupied area
503

During the run time of the
job, the job is extended
in size as specified by the
first probability value
505

\ 4

Allocating the job to either
a sparsely occupied area
of processors or a
non-sparsely occupied
area of processors
based upon the second
probability value, wherein
the non-sparsely occupied
area has a greater
density than the sparsely
occupied area
504

4

During the run time of the
job, the job is reduced
in size as specified by the
second probability value
506
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{ Start )
N e 601
¥ /

Allocating a quantity of processors for processing a job in
a high-performance computing envircnment to provide an
initial allocation

¥
Determining a probability value that specifies the probability
of the job being extended in size during a run time of the job
\

605~ 603

Is
~"the probability value No

greater than a threshold
value? 609
Y/
Allocating the job to
607~ a second area of
A processors having
Allocating the job to a density greater
a first area of than the first area
processors of processors
611
¥ / 4

During the run time of the job, the job is extended in size

) 4
Modifying the initial allocation during the run time of the
job by increasing the allocated quantity of processors in
response to the job being extended in size by allocating
one or more free processors to the job from a pool of
free processors which are configured to meet an
increased computing demand for the job

P 613
The one or more free processors allocated to

6157 the job are within a vicinity of the quantity of
processors used fo provide the initial allocation
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i St?rt

\

When a new job of size 'NUM' (representing a number or
quantity of processors) arrives, its expected size 'ENUM'
and standard deviation in size 'STDEV_NUM" are computed.
These computations are performed using a first probability
(PE) indicative of a probability that the job will be extended
during a run time for the job, and a second probability (PR)
indicative of a probability that the job will be decreased
during the run time for the job.

801

v

The value of ENUM+STDEV_NUM is compared to the
number of available clusters at each non-leaf node
through a 'depth first search' (DFS) procedure
803

v

When the number of available clusters is more than
'ENUM+STDEV_NUM' and going down one level further
in the tree, the number of available clusters is less than
ENUM+STDEV_NUM, that particular sub-tree is chosen
such that the job is placed on the clusters of the chosen

sub-tree.
805

FIG. 8
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1
STRATEGIC PLACEMENT OF JOBS FOR
SPATIAL ELASTICITY IN A
HIGH-PERFORMANCE COMPUTING
ENVIRONMENT

CROSS-REFERENCE TO RELATED
APPLICATION

This patent application is a continuation of copending U.S.
patent application Ser. No. 13/902,184 filed on May 24,2013,
the disclosure of which is incorporated herein by reference in
its entirety.

BACKGROUND

1. Technical Field

The exemplary and non-limiting embodiments of the
invention relate generally to cloud computing and, more par-
ticularly, to strategic placement of jobs for spatial elasticity in
high-performance computing environments.

2. Brief Description of Prior Developments

The cloud computing model is emerging as a de facto
mechanism for offering computing services. This new model
is being embraced to improve the consumability of High-
Performance Computing (HPC) services.

BRIEF SUMMARY

The following summary is merely intended to be exem-
plary. The summary is not intended to limit the scope of the
claims.

In accordance with one aspect of the invention, a method
comprises allocating a quantity of processors for processing a
job in a high-performance computing environment to provide
an initial allocation, modifying the initial allocation during a
run time of the job by performing one or more of: increasing
the allocated quantity of processors in response to the job
being extended in size by allocating one or more free proces-
sors from a pool of free processors which are configured to
meet an increased computing demand for the job; or decreas-
ing the allocated quantity of processors in response to the job
being decreased in size by reallocating one or more proces-
sors from the allocated quantity of processors to the pool of
free processors.

In accordance with another aspect of the invention, a
method comprises allocating a job for execution by a quantity
of processors. A first probability value is determined that
specifies the probability of the job being extended in size
during a run time of the job. A second probability value is
determined that specifies the probability of the job being
reduced in size during the run time of the job. During the run
time of the job, the job is extended in size as specified by the
first probability value, or the job is reduced in size as specified
by the second probability value. When the job is extended in
size, the job is allocated to either a sparsely occupied area of
processors or a densely occupied area of processors based
upon the first probability value. When the job is reduced in
size, thejob is allocated to either the sparsely occupied area of
processors or the densely occupied area of processors based
upon the second probability value.

In accordance with another aspect of the invention, a
method comprises allocating a quantity of processors for
processing a job in a high-performance computing environ-
ment to provide an initial allocation. A probability value is
determined that specifies the probability of the job being
extended in size during a run time of the job. During the run
time of the job, the job is extended in size. The initial alloca-
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tion is modified during the run time of the job by increasing
the allocated quantity of processors in response to the job
being extended in size by allocating one or more free proces-
sors to the job from a pool of free processors which are
configured to meet an increased computing demand for the
job. The one or more free processors assigned to the job are
within a vicinity of the quantity of processors used to provide
the initial allocation. When the probability value is greater
than a threshold value, the job is allocated to a first area of
processors, and when the probability value is below the
threshold value, the job is allocated to a second area of pro-
cessors having a density greater than the first area of proces-
SOIS.

In accordance with another aspect of the invention, a
method comprises accepting a job having a job size repre-
senting a number or quantity of processors; computing an
expected size, and a standard deviation in size, for the
accepted job; adding the expected size to the standard devia-
tion in size to determine a sum; comparing the sum to a
number or quantity of available clusters at each of a plurality
of non-leaf nodes of a tree representing a high-performance
computing environment; and when the number or quantity of
available clusters is more than the sum at a sub-tree of the tree
and, going down one level further in the sub-tree, the number
of'available clusters is less than the sum, selecting the sub-tree
for the accepted job such that the accepted job is placed on
one or more clusters associated with the selected sub-tree.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The foregoing aspects and other features are explained in
the following description, taken in connection with the
accompanying drawings, wherein:

FIG. 1 depicts a cloud computing node according to an
embodiment of the present invention;

FIG. 2 depicts a cloud computing environment according
to an embodiment of the present invention;

FIG. 3 depicts abstraction model layers according to an
embodiment of the present invention;

FIG. 4 is a flowchart illustrating a first exemplary method
according to a set of embodiments of the present invention;

FIG. 5 is a flowchart illustrating a second exemplary
method according to a set of embodiments of the present
invention;

FIG. 6 is a flowchart illustrating a third exemplary method
according to a set of embodiments of the present invention;

FIG. 7 is a data structure diagram showing an exemplary
sub-tree of a binary tree structure comprising an architectural
representation of an illustrative high performance computing
environment; and

FIG. 81s aflowchart illustrating a fourth exemplary method
according to a set of embodiments of the present invention.

DETAILED DESCRIPTION

It is understood in advance that although this disclosure
includes a detailed description on cloud computing, imple-
mentation of the teachings recited herein are not limited to a
cloud computing environment. Rather, embodiments of the
present invention are capable of being implemented in con-
junction with any other type of computing environment now
known or later developed.

Cloud computing is a model of service delivery for
enabling convenient, on-demand network access to a shared
pool of configurable computing resources (e.g. networks,
network bandwidth, servers, processing, memory, storage,
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applications, virtual machines, and services) that can be rap-
idly provisioned and released with minimal management
effort or interaction with a provider of the service. This cloud
model may include at least five characteristics, at least three
service models, and at least four deployment models.

Characteristics are as follows:

On-demand self-service: a cloud consumer can unilaterally
provision computing capabilities, such as server time and
network storage, as needed automatically without requiring
human interaction with the service’s provider.

Broad network access: capabilities are available over a
network and accessed through standard mechanisms that pro-
mote use by heterogeneous thin or thick client platforms (e.g.,
mobile phones, laptops, and PDAs).

Resource pooling: the provider’s computing resources are
pooled to serve multiple consumers using a multi-tenant
model, with different physical and virtual resources dynami-
cally assigned and reassigned according to demand. There is
a sense of location independence in that the consumer gener-
ally has no control or knowledge over the exact location of the
provided resources but may be able to specify location at a
higher level of abstraction (e.g., country, state, or datacenter).

Rapid elasticity: capabilities can be rapidly and elastically
provisioned, in some cases automatically, to quickly scale out
and rapidly released to quickly scale in. To the consumer, the
capabilities available for provisioning often appear to be
unlimited and can be purchased in any quantity at any time.

Measured service: cloud systems automatically control
and optimize resource use by leveraging a metering capability
at some level of abstraction appropriate to the type of service
(e.g., storage, processing, bandwidth, and active user
accounts). Resource usage can be monitored, controlled, and
reported providing transparency for both the provider and
consumer of the utilized service.

Service Models are as follows:

Software as a Service (SaaS): the capability provided to the
consumer is to use the provider’s applications running on a
cloud infrastructure. The applications are accessible from
various client devices through a thin client interface such as a
web browser (e.g., web-based email). The consumer does not
manage or control the underlying cloud infrastructure includ-
ing network, servers, operating systems, storage, or even
individual application capabilities, with the possible excep-
tion of limited user-specific application configuration set-
tings.

Platform as a Service (PaaS): the capability provided to the
consumer is to deploy onto the cloud infrastructure con-
sumer-created or acquired applications created using pro-
gramming languages and tools supported by the provider. The
consumer does not manage or control the underlying cloud
infrastructure including networks, servers, operating sys-
tems, or storage, but has control over the deployed applica-
tions and possibly application hosting environment configu-
rations.

Infrastructure as a Service (laaS): the capability provided
to the consumer is to provision processing, storage, networks,
and other fundamental computing resources where the con-
sumer is able to deploy and run arbitrary software, which can
include operating systems and applications. The consumer
does not manage or control the underlying cloud infrastruc-
ture but has control over operating systems, storage, deployed
applications, and possibly limited control of select network-
ing components (e.g., host firewalls).

Deployment Models are as follows:

Private cloud: the cloud infrastructure is operated solely for
an organization. It may be managed by the organization or a
third party and may exist on-premises or off-premises.
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Community cloud: the cloud infrastructure is shared by
several organizations and supports a specific community that
has shared concerns (e.g., mission, security requirements,
policy, and compliance considerations). It may be managed
by the organizations or a third party and may exist on-pre-
mises or oft-premises.

Public cloud: the cloud infrastructure is made available to
the general public or a large industry group and is owned by
an organization selling cloud services.

Hybrid cloud: the cloud infrastructure is a composition of
two or more clouds (private, community, or public) that
remain unique entities but are bound together by standardized
or proprietary technology that enables data and application
portability (e.g., cloud bursting for load balancing between
clouds).

A cloud computing environment is service oriented with a
focus on statelessness, low coupling, modularity, and seman-
tic interoperability. At the heart of cloud computing is an
infrastructure comprising a network of interconnected nodes.

Referring now to FIG. 1, a schematic of an example of a
cloud computing node is shown. Cloud computing node 10 is
only one example of a suitable cloud computing node and is
not intended to suggest any limitation as to the scope ofuse or
functionality of embodiments of the invention described
herein. Regardless, cloud computing node 10 is capable of
being implemented and/or performing any of the functional-
ity set forth hereinabove.

In cloud computing node 10 there is a computer system/
server 12, which is operational with numerous other general
purpose or special purpose computing system environments
or configurations. Examples of well-known computing sys-
tems, environments, and/or configurations that may be suit-
able for use with computer systeny/server 12 include, but are
not limited to, personal computer systems, server computer
systems, thin clients, thick clients, handheld or laptop
devices, multiprocessor systems, microprocessor-based sys-
tems, set top boxes, programmable consumer electronics,
network PCs, minicomputer systems, mainframe computer
systems, and distributed cloud computing environments that
include any of the above systems or devices, and the like.

Computer system/server 12 may be described in the gen-
eral context of computer system executable instructions, such
as program modules, being executed by a computer system.
Generally, program modules may include routines, programs,
objects, components, logic, data structures, and so on that
perform particular tasks or implement particular abstract data
types. Computer system/server 12 may be practiced in dis-
tributed cloud computing environments where tasks are per-
formed by remote processing devices that are linked through
a communications network. In a distributed cloud computing
environment, program modules may be located in both local
and remote computer system storage media including
memory storage devices.

As shown in FIG. 1, computer system/server 12 in cloud
computing node 10 is shown in the form of a general-purpose
computing device. The components of computer system/
server 12 may include, but are not limited to, one or more
processors or processing units 16, a system memory 28, and
a bus 18 that couples various system components including
system memory 28 to processor 16.

Bus 18 represents one or more of any of several types ofbus
structures, including a memory bus or memory controller, a
peripheral bus, an accelerated graphics port, and a processor
orlocal bus using any of a variety of bus architectures. By way
of example, and not limitation, such architectures include
Industry Standard Architecture (ISA) bus, Micro Channel
Architecture (MCA) bus, Enhanced ISA (EISA) bus, Video
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Electronics Standards Association (VESA) local bus, and
Peripheral Component Interconnect (PCI) bus.

Computer system/server 12 typically includes a variety of
computer system readable media. Such media may be any
available media that is accessible by computer system/server
12, and it includes both volatile and non-volatile media,
removable and non-removable media.

System memory 28 can include computer system readable
media in the form of volatile memory, such as random access
memory (RAM) 30 and/or cache memory 32. Computer sys-
teny/server 12 may further include other removable/non-re-
movable, volatile/non-volatile computer system storage
media. By way of example only, storage system 34 can be
provided for reading from and writing to a non-removable,
non-volatile magnetic media (not shown and typically called
a“hard drive”). Although not shown, a magnetic disk drive for
reading from and writing to a removable, non-volatile mag-
netic disk (e.g., a “floppy disk™), and an optical disk drive for
reading from or writing to a removable, non-volatile optical
disk such as a CD-ROM, DVD-ROM or other optical media
can be provided. In such instances, each can be connected to
bus 18 by one or more data media interfaces. As will be
further depicted and described below, memory 28 may
include atleast one program product having a set (e.g., at least
one) of program modules that are configured to carry out the
functions of embodiments of the invention.

Program/utility 40, having a set (at least one) of program
modules 42, may be stored in memory 28 by way of example,
and not limitation, as well as an operating system, one or more
application programs, other program modules, and program
data. Each of the operating system, one or more application
programs, other program modules, and program data or some
combination thereof, may include an implementation of a
networking environment. Program modules 42 generally
carry out the functions and/or methodologies of embodiments
of the invention as described herein.

Computer system/server 12 may also communicate with
one or more external devices 14 such as akeyboard, a pointing
device, a display 24, etc.; one or more devices that enable a
user to interact with computer system/server 12; and/or any
devices (e.g., network card, modem, etc.) that enable com-
puter systeny/server 12 to communicate with one or more
other computing devices. Such communication can occur via
Input/Output (I/O) interfaces 22. Still yet, computer system/
server 12 can communicate with one or more networks such
as a local area network (LAN), a general wide area network
(WAN), and/or a public network (e.g., the Internet) via net-
work adapter 20. As depicted, network adapter 20 communi-
cates with the other components of computer system/server
12 via bus 18. It should be understood that although not
shown, other hardware and/or software components could be
used in conjunction with computer system/server 12.
Examples, include, but are not limited to: microcode, device
drivers, redundant processing units, external disk drive
arrays, RAID systems, tape drives, and data archival storage
systems, etc.

Referring now to FIG. 2, illustrative cloud computing envi-
ronment 50 is depicted. As shown, cloud computing environ-
ment 50 comprises one or more cloud computing nodes 10
with which local computing devices used by cloud consum-
ers, such as, for example, personal digital assistant (PDA) or
cellular telephone 54A, desktop computer 54B, laptop com-
puter 54C, and/or automobile computer system 54N may
communicate. Nodes 10 may communicate with one another.
They may be grouped (not shown) physically or virtually, in
one or more networks, such as Private, Community, Public, or
Hybrid clouds as described hereinabove, or a combination
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thereof. This allows cloud computing environment 50 to offer
infrastructure, platforms and/or software as services for
which a cloud consumer does not need to maintain resources
on a local computing device. It is understood that the types of
computing devices 54 A-N shown in FIG. 2 are intended to be
illustrative only and that computing nodes 10 and cloud com-
puting environment 50 can communicate with any type of
computerized device over any type of network and/or net-
work addressable connection (e.g., using a web browser).

Referring now to FIG. 3, a set of functional abstraction
layers provided by cloud computing environment 50 (FIG. 2)
is shown. It should be understood in advance that the compo-
nents, layers, and functions shown in F1G. 3 are intended to be
illustrative only and embodiments of the invention are not
limited thereto. As depicted, the following layers and corre-
sponding functions are provided:

Hardware and software layer 60 includes hardware and
software components. Examples of hardware components
include mainframes, in one example IBM® ZSERIES® sys-
tems; RISC (Reduced Instruction Set Computer) architecture
based servers, in one example IBM PSERIES® systems;
IBM XSERIES® systems; IBM BLADECENTER® sys-
tems; storage devices; networks and networking components.
Examples of software components include network applica-
tion server software, in one example IBM WEBSPHERE®
application server software; and database software, in one
example IBM DB2® database software. (IBM, ZSERIES,
PSERIES, XSERIES, BLADECENTER, WEBSPHERE,
and DB2 are trademarks of International Business Machines
Corporation registered in many jurisdictions worldwide).

Virtualization layer 62 provides an abstraction layer from
which the following examples of virtual entities may be pro-
vided: virtual servers; virtual storage; virtual networks,
including virtual private networks; virtual applications and
operating systems; and virtual clients.

In one example, management layer 64 may provide the
functions described below. Resource provisioning provides
dynamic procurement of computing resources and other
resources that are utilized to perform tasks within the cloud
computing environment. Metering and Pricing provide cost
tracking as resources are utilized within the cloud computing
environment, and billing or invoicing for consumption of
these resources. In one example, these resources may com-
prise application software licenses. Security provides identity
verification for cloud consumers and tasks, as well as protec-
tion for data and other resources. User portal provides access
to the cloud computing environment for consumers and sys-
tem administrators. Service level management provides
cloud computing resource allocation and management such
that required service levels are met. Service Level Agreement
(SLA) planning and fulfillment provide pre-arrangement for,
and procurement of, cloud computing resources for which a
future requirement is anticipated in accordance with an SLA.

Workloads layer 66 provides examples of functionality for
which the cloud computing environment may be utilized.
Examples of workloads and functions which may be provided
from this layer include: mapping and navigation; software
development and lifecycle management; virtual classroom
education delivery; data analytics processing; transaction
processing; and

Royalty determination 68 may be provided as one of the
functions of the management layer 64. Royalty distribution
may, but need not, be based on a business-to-business agree-
ment. Thus, royalty distribution can be based on a pre-signed
agreement. However, it may be difficult to follow this model
for individual contributors on a cloud platform. On a cloud
platform, an individual user can contribute to an image or
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composed service and make it public as a catalog item. Thus,
royalty distribution could, but need not, be performed at a
finer granularity. Royalty distribution could be performed, for
example, at a resource usage level to keep track of individual
contributions and contribution value/impact dynamically,
and to distribute royalty to the contributors.

The cloud computing model is emerging as a de facto
mechanism for offering computing services. This new model
is being embraced to improve the consumability of High-
Performance Computing (HPC) services. From a historical
perspective, cloud computing is not an entirely new concept
in the HPC domain. Grid Computing, for instance, has
attracted significant research interest over the last decade or
so, much of which focused on fundamental problems in fed-
erated resource management. Most optimizations revolve
around the manner in which an HPC system is packed and
how the queue is managed to maximize system utilization
while minimizing job wait times. These optimization prob-
lems have led to design of various job scheduling algorithms
for HPC systems to schedule incoming jobs.

At present, scant attention has been devoted to improved
strategies for job placement over the given space of proces-
sors in an HPC environment. Accordingly, the present disclo-
sure considers the impact of demand elasticity—a key ingre-
dient in the cloud service model—on job placement. In the
cloud model, elasticity operates across two dimensions: time
and (resource) space. Essentially, all users are expected to get
what they want, when they want it, and pay for what they use.

There are two different types of elasticity: submit-time
elasticity and run-time elasticity. Submit-time elasticity
allows varying resource requirements to be specified at sub-
mission time. By contrast, run-time elasticity gives its users
the ability to change their resource requirements on the fly.
Today’s cloud resource demand model allows for both types
of elasticity, whereas general HPC schedulers implement
submit-time elasticity only. The challenge, then, is how
should HPC schedulers and placement algorithms best man-
age the underlying resources under the complete demand
model, similar to what is being offered by mainstream
clouds?

HPC job placement strategies will be considered. Part of
the challenge in job placement relates to the aggressive sys-
tem utilization levels that HPC systems target. It is not
uncommon for an HPC system to exceed 80% utilization. By
contrast, mainstream data centers often run at 15% utiliza-
tion. Especially with the use of virtualization, cloud data
centers have significant spare capacity to provide run-time
elasticity. Even in the absence abundant spare capacity and
virtualization, a well designed HPC job placement strategy
can provide a certain degree of run-time elasticity. This can be
accomplished by decomposing the problem into the follow-
ing sub-components:

Time Elasticity: A key dimensions of runtime elasticity is
the time dimension. Here, a job can explicitly change its time
requirements after it starts (e.g., modify the kill-by time). A
straightforward implementation of time elasticity can nega-
tively impact future jobs. Therefore, a careful balance is
required between running jobs needing more time and future
jobs waiting in the queue.

Spatial Elasticity: A job can request additional resources in
mid-computation. Tight spatial packing of resources to maxi-
mize resource utilization makes it difficult to fulfill resource
fluctuation, especially if a running job cannot be moved easily
and tight spatial coupling is needed. The answer is to take
advantage of spatial properties of the underlying hardware,
along with stochastic properties of running jobs, to balance
between high system utilization and changes in resource
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needs. In general, conventional job placement strategies do
not address techniques for providing spatial elasticity. Thus,
job placement strategies for achieving spatial elasticity in an
HPC environment will be described in greater detail herein-
after.

FIG. 4 is a flowchart illustrating a first exemplary method
according to a set of embodiments of the present invention.
The operational sequence commences at block 401 where a
quantity of processors is allocated for processing a job in a
high-performance computing environment to provide an ini-
tial allocation. At block 403, the initial allocation is modified
during a run time of the job. This modification is performed by
(a) increasing the allocated quantity of processors in response
to the job being extended in size by allocating one or more
free processors from a pool of free processors which are
configured to meet an increased computing demand for the
job (block 405); or (b) decreasing the allocated quantity of
processors in response to the job being decreased in size by
reallocating one or more processors from the allocated quan-
tity of processors to the pool of free processors (block 407).
Alternatively or additionally, blocks 405 and 407 may be
performed at different times during the run time of a given
job.

FIG. 5 is a flowchart illustrating a second exemplary
method according to a set of embodiments of the present
invention. The operational sequence commences at block 501
where a job is allocated for execution by a quantity of pro-
cessors. Next, at block 502, a first probability value is deter-
mined that specifies the probability of the job being extended
in size during a run time of the job. A second probability value
is determined that specifies the probability of the job being
reduced in size during the run time of the job. During the run
time of the job, the job is extended in size as specified by the
first probability value (block 503), or the job is reduced in size
as specified by the second probability value (block 504), or
blocks 503 and 504 may both be performed such that each
block 503, 504 is performed at a different time during the run
time of the job. When the job is extended in size (block 503),
the job is allocated to either a sparsely occupied area of
processors or a densely occupied area of processors based
upon the first probability value (block 505). When the job is
reduced in size (block 504), the job is allocated to either the
sparsely occupied area of processors or the densely occupied
area of processors based upon the second probability value
(block 506).

FIG. 6 is a flowchart illustrating a third exemplary method
according to a set of embodiments of the present invention.
The operational sequence commences at block 601 where a
quantity of processors is allocated for processing a job in a
high-performance computing environment to provide an ini-
tial allocation. A probability value is determined that specifies
the probability of the job being extended in size during a run
time of the job (block 602). During the run time of the job, the
job is extended in size (block 603). The initial allocation is
modified during the run time of the job by increasing the
allocated quantity of processors in response to the job being
extended in size by allocating one or more free processors to
the job from a pool of free processors which are configured to
meet an increased computing demand for the job (block 605).
The one or more free processors assigned to the job are within
a vicinity of the quantity of processors used to provide the
initial allocation (block 607). A test is performed at block 609
to ascertain whether or not the probability value is greater
than a threshold value. When the probability value is greater
than the threshold value, the job is allocated to a first area of
processors (block 611). When the probability value is below
the threshold value, the job is allocated to a second area of
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processors having a density greater than the first area of
processors (block 613). The first area of processors may be
referred to as a sparse area, and the second area of processors
may be referred to as a dense area.

In accordance with a further aspect of the invention, the
distinction between sparse and dense areas of processors and
the algorithm for selecting these areas is determined by the
underlying HPC hardware architecture. An exemplary algo-
rithm for job placement in an HPC architecture is described
herein. As an illustrative example, one may consider an archi-
tecture known as BlueGene/P in which processors are clus-
tered in groups of 32-node clusters. Jobs are executed on the
32-node clusters that can be accessed through a binary tree
structure. It should be understood that the binary tree struc-
ture is considered as an illustrative example and could be
generalized to comprise a generic tree from another HPC
architecture. A single job may run on contiguous set of clus-
ters only.

FIG. 7 is a data structure diagram showing an exemplary
sub-tree 700 of a binary tree structure comprising an archi-
tectural representation of an illustrative high performance
computing environment. The sub-tree 700 includes a plural-
ity of interconnected non-leafnodes 701, 703 and 705 that are
interconnected with a plurality of leaf nodes 707, 709, 711,
and 713 in a tree structure. Each of a plurality of cuboids 715,
717, 719, 721, 723 and 725 at the leaf nodes 707, 709, and
713, respectively, represents a 32-node cluster. Each circle at
the non-leaf nodes 701, 703, and 705 represents the total
number of 32-node clusters that can be accessed in a sub-tree
which is rooted at that circle. It is assumed that size of jobs
may be represented only in integer multiples of 32 processors,
each 32 processors corresponding to a 32-node cluster such as
any one of the cuboids 715, 717, 719, 721, 723, and 725.
Therefore, each job can be running on an integer number of
clusters only.

A shaded cuboid, such as cuboids 715, 717, and 721, rep-
resents an unavailable cluster that is occupied by a running
job. A white or unshaded cuboid, such as cuboids 719, 723
and 725, represents an available cluster that is not occupied by
any of the running jobs. A completely shaded circle, such as
leaf node 707, denotes that all clusters in its sub-tree (such as
cuboids 715 and 717) are occupied (not available for process-
ing jobs). A partially shaded circle, such as leaf node 709,
indicates that only some of the clusters in its sub-tree (such as
cuboid 719) are available for processing jobs. A unshaded
circle, such as non-leaf node 705 and leaf nodes 723 and 725,
indicates that all clusters in the sub-tree of that node are
available for processing jobs.

FIG. 81s aflowchart illustrating a fourth exemplary method
according to a set of embodiments of the present invention.
When a new job of size ‘num’ (representing a number or
quantity of processors) arrives, its expected size ‘enum’ and
standard deviation in size ‘stdev_num’ are computed (block
801). These computations are performed using a first prob-
ability PE indicative of a probability that the job will be
extended during a run time for the job, and a second prob-
ability PR indicative of a probability that the job will be
decreased during the run time for the job. As an example, a
Markov chain analysis based methodology can be adopted for
computing the expected size. As mentioned previously, the
numbers within the circles representing the non-leaf nodes
701, 703, and 705, as well as the numbers within the circles
representing the leaf nodes 707, 709, 711, and 713, indicate
the total number of clusters that can be accessed in the sub-
tree rooted at that node circle. In addition to these numbers,
the number of available clusters at each non-leaf node 701,
703, and 705 are also stored.
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Next, at block 803, the value of enum+stdev_num is com-
pared to the number of available clusters at each non-leaf
node through a ‘Depth First Search’ (DFS) procedure. Illus-
tratively, the DFS procedure could, but need not, be per-
formed by traversing the left sub-tree of every non-leaf node
first. Alternatively or additionally, the DFS procedure could,
but need not, be performed by traversing the right sub-tree of
every non-leaf node first. At block 805, when the number of
available clusters is just more than ‘enum+stdev_num’ and
going down one level further in the tree, the number of avail-
able clusters is less than enum+stdev_num, that particular
sub-tree is chosen for placement of the job on the clusters of
that particular sub-tree. In other words, the chosen sub-tree
has enough numbers of clusters to be assigned to the job as per
its expected size span: enum+stdev_num.

As indicated previously, one may employ either a “left first
placement” policy or a “right first placement policy” for
placing the jobs in the sub-tree structure. The term “left first
placement” signifies the left sub-tree is first checked for a
required number of ‘enum+stdev_num’ clusters before
checking the right sub-tree. The term “right first placement”
indicates that the right sub-tree is first checked for a required
number of ‘enum+stdev_num’ clusters before checking the
left sub-tree.

The above described algorithm can be formalized as fol-
lows:

Input—T: Bluegene/P binary tree structure; w: newly
arrived job waiting to be placed; w.num: size of job; w.PE and
w.PR.

Output—Ts: sub-tree in the binary tree T under which the
job ‘w’ will be placed.

Algorithm:

0) Node nd = T.root

1) Compute expected size ‘enum’ and standard deviation in size
‘stdev__num’ of the job ‘w’ using the probabilities PE and PR .

2) Call DFS(nd) and compare value of enum+stdev__num
with number of available clusters, ‘nd.a’, at non-leaf node ‘nd’. While
doing DFS, traverse the left sub-tree of every non-leaf node first.

3) If (enum+stdev__num < nd.a) then

if (nd is non-leaf node && not backtracking on DFS)
nd = nd.left_ subtree
Goto Step-2
if (nd is non-leaf node && backtracking on DFS && nd
is unexplored)
nd = nd.right_subtree
Goto Step-2
else if (nd is leaf node)
Backtrack on DES //as per standard DFS backtracking
procedure
end if
else if (enum+stdev__num >= nd.a) then
Place job on clusters that can be accessed through
sub-tree Ts rooted at nd.parent
end if
4) End of Algorithm

The foregoing algorithm description can be generalized to
the case when processors are clustered in groups of a generic
number ‘n’ instead of just 32. The foregoing discussion is still
valid. In generalized cases, it will be assumed that the size of
a job may be specified only in integer multiples of ‘n’ proces-
sors. The foregoing algorithm description can also be gener-
alized for cases where, instead of a binary tree structure, the
HPC environment processors are accessible through any
generic tree structure (not necessarily binary). In such cases,
the implementation of DFS must be for a generic tree struc-
ture (not binary). In addition, the second ‘if” statement with in
the ‘If (enum<nd.a)’ statement in Step-3 of the foregoing
algorithm will change to:
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if (nd is non-leaf node && backtracking on DFS && nd is un-
explored)
nd = nd.next__unexplored__subtree
Goto Step-2.

Instead of a Markov chain analysis based methodology,
any other methodology could be adopted for computing the
expected size of a job. It may be implicitly assumed that the
structure of a tree is known from the underlying HPC archi-
tecture. However, one may generalize to cases where the
structure is not known and must be created or mapped from a
knowledge of the HPC architecture.

As will be appreciated by one skilled in the art, aspects of
the present invention may be embodied as a system, method
or computer program product. Accordingly, aspects of the
present invention may take the form of an entirely hardware
embodiment, an entirely software embodiment (including
firmware, resident software, micro-code, etc.) or an embodi-
ment combining software and hardware aspects that may all
generally be referred to herein as a “circuit,” “module” or
“system.” Furthermore, aspects of the present invention may
take the form of a computer program product embodied in one
or more computer readable medium(s) having computer read-
able program code embodied thereon.

Any combination of one or more computer readable medi-
um(s) may be utilized. The computer readable medium may
be a computer readable signal medium or a computer read-
able storage medium. A computer readable storage medium
may be, for example, but not limited to, an electronic, mag-
netic, optical, electromagnetic, infrared, or semiconductor
system, apparatus, or device, or any suitable combination of
the foregoing. More specific examples (a non-exhaustive list)
of the computer readable storage medium would include the
following: an electrical connection having one or more wires,
a portable computer diskette, a hard disk, a random access
memory (RAM), a read-only memory (ROM), an erasable
programmable read-only memory (EPROM or Flash
memory), an optical fiber, a portable compact disc read-only
memory (CD-ROM), an optical storage device, a magnetic
storage device, or any suitable combination of the foregoing.
In the context of this document, a computer readable storage
medium may be any tangible medium that can contain, or
store a program for use by or in connection with an instruction
execution system, apparatus, or device.

A computer readable signal medium may include a propa-
gated data signal with computer readable program code
embodied therein, for example, in baseband or as part of a
carrier wave. Such a propagated signal may take any of a
variety of forms, including, but not limited to, electro-mag-
netic, optical, or any suitable combination thereof. A com-
puter readable signal medium may be any computer readable
medium that is not a computer readable storage medium and
that can communicate, propagate, or transport a program for
use by or in connection with an instruction execution system,
apparatus, or device.

Program code embodied on a computer readable medium
may be transmitted using any appropriate medium, including
but not limited to wireless, wireline, optical fiber cable, RF,
etc., or any suitable combination of the foregoing.

Computer program code for carrying out operations for
aspects of the present invention may be written in any com-
bination of one or more programming languages, including
an object oriented programming language such as Java,
Smalltalk, C++ or the like and conventional procedural pro-
gramming languages, such as the “C” programming language
or similar programming languages. The program code may
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execute entirely on the user’s computer, partly on the user’s
computer, as a stand-alone software package, partly on the
user’s computer and partly on a remote computer or entirely
on the remote computer or server. In the latter scenario, the
remote computer may be connected to the user’s computer
through any type of network, including a local area network
(LAN) or a wide area network (WAN), or the connection may
be made to an external computer (for example, through the
Internet using an Internet Service Provider).

Aspects of the present invention are described below with
reference to flowchart illustrations and/or block diagrams of
methods, apparatus (systems) and computer program prod-
ucts according to embodiments of the invention. It will be
understood that each block of the flowchart illustrations and/
or block diagrams, and combinations of blocks in the flow-
chart illustrations and/or block diagrams, can be imple-
mented by computer program instructions. These computer
program instructions may be provided to a processor of a
general purpose computer, special purpose computer, or other
programmable data processing apparatus to produce a
machine, such that the instructions, which execute via the
processor of the computer or other programmable data pro-
cessing apparatus, create means for implementing the func-
tions/acts specified in the flowchart and/or block diagram
block or blocks.

These computer program instructions may also be stored in
a computer readable medium that can direct a computer, other
programmable data processing apparatus, or other devices to
function in a particular manner, such that the instructions
stored in the computer readable medium produce an article of
manufacture including instructions which implement the
function/act specified in the flowchart and/or block diagram
block or blocks.

The computer program instructions may also be loaded
onto a computer, other programmable data processing appa-
ratus, or other devices to cause a series of operational steps to
be performed on the computer, other programmable appara-
tus or other devices to produce a computer implemented
process such that the instructions which execute on the com-
puter or other programmable apparatus provide processes for
implementing the functions/acts specified in the flowchart
and/or block diagram block or blocks.

The flowchart and block diagrams in the Figures illustrate
the architecture, functionality, and operation of possible
implementations of systems, methods and computer program
products according to various embodiments of the present
invention. In this regard, each block in the flowchart or block
diagrams may represent a module, segment, or portion of
code, which comprises one or more executable instructions
for implementing the specified logical function(s). It should
also be noted that, in some alternative implementations, the
functions noted in the block may occur out of the order noted
in the figures. For example, two blocks shown in succession
may, in fact, be executed substantially concurrently, or the
blocks may sometimes be executed in the reverse order,
depending upon the functionality involved. It will also be
noted that each block of the block diagrams and/or flowchart
illustration, and combinations of blocks in the block diagrams
and/or flowchart illustration, can be implemented by special
purpose hardware-based systems that perform the specified
functions or acts, or combinations of special purpose hard-
ware and computer instructions.

It should be understood that the foregoing description is
only illustrative. Various alternatives and modifications can
be devised by those skilled in the art. For example, features
recited in the various dependent claims could be combined
with each other in any suitable combination(s). In addition,
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features from different embodiments described above could
be selectively combined into a new embodiment. Accord-
ingly, the description is intended to embrace all such alterna-
tives, modifications and variances which fall within the scope
of the appended claims.

What is claimed is:

1. An apparatus comprising at least one processor and at
least one memory including computer program code, wherein
the at least one processor, in response to execution of the
computer program code, is configured to cause the apparatus
to perform at least the following:

allocating a quantity of processors for processing a jobina

high-performance computing environment to provide an
initial allocation, wherein the initial allocation of the
quantity of processors for the job is allocated to at least
one of: a first area of processors which is more densely
occupied than a second area of processors based on a
first probability indicative of a probability that the job
will have an increased computing demand during the run
time for the job; and a second area of processors which
is more sparsely occupied than a first area of processors
based on a second probability indicative of a probability
that the job will have decreased computing demand dur-
ing the run time for the job; and

modifying the initial allocation during a run time of the job

by performing one or more of: increasing the allocated
quantity of processors in response to an increased com-
puting demand for the job by allocating one or more free
processors from a pool of free processors which are
configured to meet the increased computing demand for
the job; or decreasing the allocated quantity of proces-
sors in response to a decreased computing demand for
the job by reallocating one or more processors from the
allocated quantity of processors to the pool of free pro-
cessors

wherein the allocated one or more free processors config-

ured to meet the increased demand for the job are within
a vicinity of the quantity of processors used to provide
the initial allocation.

2. The apparatus of claim 1 wherein the initial allocation is
stored in a memory in a cloud environment.

3. The apparatus of claim 1 wherein the modified initial
allocation is stored in a memory in a cloud environment.

4. An apparatus comprising at least one processor and at
least one memory including computer program code, wherein
the at least one processor, in response to execution of the
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computer program code, is configured to cause the apparatus
to perform at least the following:

accepting a job having a job size representing a number or

quantity of processors to be initially allocated for the
job;

computing an expected size, and a standard deviation in

size, for the accepted job;

adding the expected size to the standard deviation in size to

determine a sum;

comparing the sum to a number of available clusters at each

of a plurality of non-leaf nodes of a tree representing a
high-performance computing environment; and

in response to the number of available clusters being more

than the sum at a sub-tree of the tree and, going down one
level further in the sub-tree, the number of available
clusters being less than the sum, selecting the sub-tree
for the accepted job such that the accepted job is placed
on one or more clusters associated with the selected
sub-tree,

wherein the computing the expected size, and the standard

deviation in size, is performed by at least one of: using a
first probability indicative of a probability that the job
will be extended in size during a run time for the job; and
using a second probability indicative of a probability
that the job will be decreased in size during the run time
for the job.

5. The apparatus of claim 4 wherein the computing the
expected size, and the standard deviation in size, for the
accepted job, is performed by using the first probability
indicative of the probability that the job will be extended in
size during the run time for the job.

6. The apparatus of claim 5 wherein the computing the
expected size, and the standard deviation in size, for the
accepted job, is performed by using the second probability
indicative of the probability that the job will be decreased in
size during the run time for the job.

7. The apparatus of claim 4 wherein the comparing is
performed using a depth first search procedure.

8. The apparatus of claim 7 wherein the depth first search
procedure is performed by traversing a left sub-tree at each of
the plurality of non-leaf nodes prior to traversing a right
sub-tree at each of the plurality of non-leaf nodes.

9. The apparatus of claim 7 wherein the depth first search
procedure is performed by traversing a right sub-tree at each
of the plurality of non-leaf nodes prior to traversing a left
sub-tree at each of the plurality of non-leaf nodes.
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